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We demonstrate eletrohemial top gating of graphene by using a solid polymer eletrolyte. This
allows to reah muh higher eletron and hole doping than standard bak gating. In-situ Raman
measurements monitor the doping. The G peak stiens and sharpens for both eletron and hole
doping, while the 2D peak shows a dierent response to holes and eletrons. Its position inreases
for hole doping, while it softens for high eletron doping. The variation of G peak position is a
signature of the non-adiabati Kohn anomaly at Γ. On the other hand, for visible exitation, the
variation of the 2D peak position is ruled by harge transfer. The intensity ratio of G and 2D peaks
shows a strong dependene on doping, making it a sensitive parameter to monitor harges.
The reent disovery of thermodynamially stable two-
dimensional single and few layers graphene
1,2,3,4
has led
to many experimental and theoretial advanes in two
dimensional physis and devies
5
. In partiular, near
ballisti transport at room temperature and high ar-
rier mobilities (between 3000 and 25000 m
2
/Vs)
2,3
make
graphene a potential material for nanoeletronis
6,7,8
.
Eletrohemial top gating is key to enable polymer
transistors
9,10
. It has also been suessfully applied for
nanotubes
11,12,13,14,15
. Here we demonstrate a top-gated
graphene transistor able to span muh higher doping lev-
els than previously reported. Eletron and hole dop-
ing up to ∼ 5×1013m−2 is ahieved by solid polymer
eletrolyte gating. Suh a high doping level is possible
beause the nanometer thik Debye layer
12,13,16
gives a
muh higher gate apaitane ompared to the ommonly
used 300 nm thik SiO2 bak gate
17
. A signiant ad-
vantage of a solid polymer eletrolyte over eletrolytes
in solution is that it does not degrade the sample and
the eletrodes, while the gate leakage urrent is negligible
ompared to the drain urrent
13
. Graphene's response to
the polymer eletrolyte also shows its potential for both
eletroni and moleular sensing.
Doping is monitored by in-situ Raman spetrosopy
together with transport measurements. Raman spe-
trosopy is a powerful non-destrutive tehnique to
identify the number of layers, struture, doping and
disorder
18,19,20,21
. The prominent Raman features in
graphene are the G-band at Γ (∼1584 m−1), and the
2D band at ∼ 2700 m−1 involving phonons at K+∆k
points in the Brillouin zone
18,21
. The value of ∆k de-
pends on the exitation laser energy, due to a double-
resonane Raman proess and the linear dispersion of
the phonons around K
18,22,23
. The eet of doping in-
dued by SiO2 bak gating on the G-band frequeny
and full width at half maximum (FWHM) has been re-
ported reently
19,20
. This results in G peak stiening
and linewidth derease for both eletron and hole doping.
The derease in linewidth saturates when doping auses a
Fermi level shift bigger than half the phonon energy
19,20
.
The strong eletron-phonon oupling in graphene and
metalli nanotubes gives rise to Kohn anomalies in the
phonon dispersions
23,24,25
, whih result in phonon soft-
ening. The G peak stiening is due to the non-adiabati
removal of the Kohn-anomaly from Γ19. The FWHM(G)
sharpening happens beause of the blokage of the de-
ay hannel of phonons into eletron-hole pairs due to
the Pauli exlusion priniple, when the eletron-hole gap
beomes higher than the phonon energy
19,20,25,26,27,28
. A
similar behavior is observed for the LO-G
−
peak of doped
metalli nanotubes
11,29
, for exatly the same reasons.
In the previous Raman studies on doped graphene
19,20
,
a ∼300 nm SiO2 gate was used. This limited the maxi-
mum doping levels to less than 1×1013m−2. The max-
imum G peak upshift was less than 10 m
−1
. Here, we
fous on the simultaneous evolution of the G and 2D
peaks. The G peak stiens and sharpens for both ele-
tron and hole doping. On the other hand, the 2D peak
shows a dierent response to holes and eletrons. Its po-
sition markedly inreases for hole doping, while it softens
for high eletron doping. The intensity ratio of 2D and
G shows a strong dependene on doping, making it a
sensitive parameter to monitor Fermi level shifts.
Graphene samples are produed by miro-mehanial
leavage of bulk graphite and deposited on Si overed
with 300 nm SiO2 (IDB Tehnologies LTD)
17
. Raman
spetrosopy is used to selet single layers
18
. Soure and
drain Au eletrodes are then deposited by photolithog-
raphy as shown in Fig.1. Top gating is ahieved by us-
ing solid polymer eletrolyte onsisting of LiClO4 and
polyethelyne oxide (PEO) in the ratio 0.12:1, as pre-
viously used for nanotubes
13
. The gate voltage is ap-
plied by plaing a platinum eletrode in the polymer
layer
13,16
. Eletrial measurements are done using Keith-
ley 2400 soure meters. Fig. 1 shows the shemati of the
experimental setup for transport and Raman measure-
ments. Raman spetra of pristine and bak gated sam-
ples are measured with a Renishaw spetrometer. In-situ
measurements on top gated graphene are reorded using
a WITEC onfoal (X50 objetive) spetrometer with
2FIG. 1: (olor online). Shemati diagram of the exper-
imental setup. The blak dotted box between the drain-
soure indiates the thin layer of polymer eletrolyte (PEO
+ LiClO4). The left inset shows the optial image of a sin-
gle layer graphene onneted between soure and drain gold
eletrodes. Sale bar: 5µm. The right inset is a shemati
illustration of polymer eletrolyte top gating, with Li
+
and
ClO
−
4 ions and the Debye layers near eah eletrode.
600 lines/mm grating, 514.5 nm exitation and very low
power level (∼ 1mW) to avoid any heating eet. The
spetral resolution of the two instruments is determined
by tting the Rayleigh line to a Gaussian prole and is
1.9 m
−1
for the Renishaw spetrometer and 9.4 m
−1
for
WITEC spetrometer. The Raman spetra are then t-
ted with Voigt funtions. The FWHM of the Lorentzian
omponents give the relevant information on the phonon
lifetime. Note that a very thin layer of polymer ele-
trolyte does not absorb the inident laser light. Further-
more the Raman spetrum of the polymer does not over
the signatures of graphene, as will be disussed later. The
measured soure-drain urrents (ISD) and G, 2D peaks
are reversible at dierent gate voltages. In transport ex-
periments a small hysteresis in urrent (∼1 µA) is ob-
served during forward and bakward gate voltage sans
(at a intervals of 10 minutes for eah gate voltage step).
On the other hand, the Raman hysteresis ≤ 1 m−1.
We nally ompare our experimental results with
Density Funtional Perturbation theory (DFPT)
simulations
30
. Calulations are performed within the
generalized gradient approximation (GGA)
31
. We use
plane-waves (30 Ry ut-o) and pseudopotential 32
approahes. The semi-metalli harater of the system
is treated by performing the eletroni integration with
a Fermi-Dira rst-order spreading with a smearing of
0.01 Ry
33
. Integration over the BZ is done with an
uniform 72× 72× 1 k-points grid. Calulations are done
using the Quantum Espresso ode
34
.
We rst onsider the eletrial response. In order to
ompare our top gating results with bak gating mea-
surements, it is neessary to onvert the top gate volt-
age into an eetive doping onentration. In general,
the appliation of a gate voltage (VG) reates an eletro-
stati potential dierene φ between graphene and the
gate eletrode and a Fermi level, EF , shift as a result of
addition of harge arriers. Therefore,
V G =
EF
e
+ φ (1)
φ and EF /e are determined by the geometrial apai-
tane, CG, and the hemial (quantum) apaitane of
graphene, respetively.
Let us rst onsider bak gating (BG). For a bak gate,
φ = neCBG where n is the arrier onentration and CBG
is the geometrial apaitane. For single layer graphene
CBG =
ǫǫ0
dBG
, where ǫ is the dieletri onstant of SiO2
(∼4), ǫ0 is the permitivity of free spae and dBG is 300
nm. This results in a very low gate apaitane CBG
= 1.2×10−8Fm−2. Therefore, for a typial value of n
= 1×1013 m−2, the potential drop is φ = 100 V, muh
larger than
EF
e . Hene, V BG ≈ φ and the doping onen-
tration beomes n = ηVBG, where η = CBG/e. However,
most samples have a zero-bias (VBG=0) doping of, typi-
ally, a few 10
11
m
−21,17,35
. This is reeted in the exis-
tene of a nite gate voltage VnBG at whih the Hall re-
sistane is zero and the longitudinal resistivity reahes its
maximum. This maximum is assoiated with the Fermi
level positioned between the valene and the ondution
bands (the Dira point). Aordingly, a positive (neg-
ative) VBG-VnBG indues eletron (holes) doping, with
an exess-eletron surfae-onentration of n=η(VBG -
VnBG). A value of η ≈7.2×1010m−2V −1 is found from
Hall eet measurements and agrees with the estimation
from the gate geometry
1,2,3,4
.
Let us onsider the present ase of top gating (TG).
First we briey disuss how the polymer eletrolyte works
as a gate. When a eld is applied, free ations tend to a-
umulate near the negative eletrode, reating a positive
harge there and an unompensated negative harge near
the interfae. The aumulation is limited by the onen-
tration gradient, whih opposes the Coulombi fore of
the eletri eld. When a steady state is reahed, the sta-
tistial spae harge distribution resembles that shown in
Fig. 1. This layer of harge around an eletrode is alled
the Debye layer. As shown in Fig. 1, when we apply a
positive potential (VTG) to the platinum top gate, with
respet to the soure eletrode onneted to graphene,
the Li
+
ions beome dominant in the Debye layer formed
3at the interfae between graphene and the eletrolyte.
The Debye layer of thikness dTG ats like a parallel plate
apaitor. Therefore, the geometrial apaitane in this
ase is CTG =
ǫǫ0
dTG
, where ǫ is the dieletri onstant
of the PEO matrix. The Debye length is given by dTG
= (2e
2
/ǫǫ0kT)
−1/2
for a monovalent eletrolyte where
 is the onentration of the eletrolyte, e is the ele-
tri harge, kT is the thermal energy
36
. In priniple,
dTG an be alulated if the eletrolyte onentration
is known. However, in presene of a polymer, the ele-
trolyte ions form omplexes with the polymer hains
37,38
.
Hene the exat onentration of ions is not amenable to
measurement. For polymer eletrolyte gating the Debye
layer thikness is reported to be a few nanometers (1 ∼ 5
nm)
13,39
. The dieletri onstant (ǫ) of PEO is 540. As-
suming a Debye length of 2 nm, we get a gate apaitane
CTG = 2.2× 10−6 F m−2, whih is muh higher than
CBG. Therefore, the rst term in equation (1) annot
be negleted. The Fermi energy in graphene hanges as
EF (n) = ~ |vF |
√
πn, where |vF | = 1.1 × 106ms−12,3,20
is the Fermi veloity, hene:
V TG =
~ |vF |
√
πn
e
+
ne
CTG
(2)
Using the values of CTG and vF ,
V TG(volts) = 1.16× 10−7
√
n+ 0.723× 10−13n (3)
where n is in units of m
−2
. Eq. 3 allows us to estimate
the doping onentration at eah top gate voltage (VTG).
Note that, as in bak gating, we also get the minimum
soure-drain urrent at nite top gate voltage (VnTG =
0.6 V), as seen in Fig. 2a. Aordingly, a positive (neg-
ative) VTG-VnTG indues eletron (holes) doping.
Fig. 2a shows the soure-drain urrent (ISD) of the
top gated graphene as a funtion of eletrohemial gate
voltage. Note that for eah point a given gate voltage
is applied for 10 minutes to stabilize ISD. The gate de-
pendene of the drain urrent (Fig. 2a) shows ambipolar
behavior and is almost symmetri for both eletron and
hole doping. This diretly relates to the band struture
of graphene, where both eletron and hole ondution are
aessible by shifting the Fermi level. The ISD-VSD har-
ateristis at dierent eletrohemial gate voltages (Fig.
2b) show linear behavior, indiating the lak of signiant
Shottky barriers at the eletrode-graphene interfae.
Fig. 3a plots the resistivity of our graphene layer (ex-
trated from Fig. 2a knowing the sample's aspet ratio:
W/L = 1.55) as a funtion VTG. Fig.3b shows the bak
gate response of the same sample (without eletrolyte).
There is an inrease in resistivity maximum (∼ 6 kΩ) af-
ter pouring the eletrolyte, whih may originate from the
reation of more harged impurities on the sample. Fig.
3 also shows that for both TG and BG experiments the
resistivity does not deay sharply around the Dira point.
Indeed, it has been suggested that the sharpness of the re-
sistivity around the Dira point and the nite oset gate
voltage (VnBG) depend on harged impurities
17,41,42
.
FIG. 2: (olor online). (a) ISD as a funtion of top gate volt-
ages (VTG). The inset shows the ISD time dependene at xed
VTG. The dotted line orresponds to the Dira point. (b) ISD
vs VDS at dierent top gate voltages. Red and blue lines or-
respond to hole and eletron doping, respetively. The blak
dotted line orresponds to the soure-drain value at whih the
gate dependene urve is measured.
The ondutivity minimum (σmin) (resistivity maxi-
mum) is obtained when the Fermi level is at the Dira
point. This is generally around ∼ 4 e2h 2,17. In both our
bak and top gate experiments the ondutivity mini-
mum is redued by the ontat resistane, sine mea-
surements are performed in the two-probe onguration.
As the ontat resistane is expeted to depend strongly
on the arrier onentration (due to formation of a p-n
juntion around the ontat and hanging in the density
of states in graphene) we an only give an estimation of
the lower bound of the ontat resistane. As shown in
Fig. 3a, the resistivity saturates at ∼ 4.2 kΩ (whih or-
responds to a 2.7 kΩ resistane) when the arrier density
in the sample is the highest. Therefore, we estimate our
ontat resistane to be around 2.7 kΩ. Subtrating the
eet of ontat resistane, the minimum ondutivity in
our sample is ∼ 1.3 e2h . Minimum ondutivities in the
range from 2
e2
h to 10
e2
h were reently reported
41
, with
the spread assigned to harged impurities.
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FIG. 3: (Color online).(a) Resistivity as a funtion of top gate.
The dots are extrated from Fig.2a for W/L = 1.55. The
solid line orresponds to the resistivity hange as a funtion
of VTG, where the gate voltage is varied at a intervals of 2mV.
(b) Resistivity of the same sample as a funtion of bak gate.
The dotted blak line marks the Dira point. () Mobility as
funtion of doping for TG (red dotted) and (BG) (solid blue).
Fig.3 shows the hange in mobility (using the simple
Drude model µ = (enρ)−141) as a funtion of doping for
our TG/BG experiments. The mobility is smaller in the
TG ase. This is onsistent with the redution in on-
dutivity minimum and an be attributed to the presene
of added harge impurities from the polymer eletrolyte.
Despite the limitations in `on' and `o' urrents, our large
graphene devie shows an on/o ratio of ∼ 5.5. This is
higher than what previously reported for devies using
20 nm thik SiO2 as top gate (on/o ratio ∼ 1.5)6 and
40 nm thik PMMA as a top gate (on/o ratio ∼ 2)43.
We now onsider the evolution of the Raman spetra.
Fig. 4a,b plot the Raman spetra for VBG = 0 V and
FIG. 4: Raman spetra at (a) VBG = 0.0 V and (b)
VBG=VnBG=20V. () Raman spetra of PEO+LiClO4 mix-
ture. (d) Raman spetra of graphene before pouring the poly-
mer eletrolyte. (e) Raman spetra at VTG = 0.0 V and (f)
VTG=VnTG=0.6V. P1, P2 and P3 are the polymer peaks
44
VnBG = 20 V. Fig. 4 to 4f show the spetra reorded
during the top gate experiment. Fig. 4 is the PEO Ra-
man spetrum. This has three prominent peaks at∼ 1282
m
−1
(P1), 1476 m
−1
(P2) and 2890 m
−1
(P3), whih
orrespond to twisting, bending and strething modes of
the CH2 bonds in the polymer
44
. Lukily they do not
overlap the main features of graphene (see Figs. 4d,f).
Furthermore these PEO Raman lines do not hange with
gating. Table 1 shows the omparison of G peak position,
Pos(G), FWHM(G) and 2D/G height ratio, I(2D)/I(G),
at zero gate voltage and the Dira point for BG and TG.
TABLE I: G peak position, FWHM and 2D/G height ratio.
Gate Voltage Pos(G) FWHM(G) I(2D)/I(G)
(m
−1
) (m
−1
) (height ratio)
VBG = 0.0 V 1586.7 8.7 2.0
VnBG = 20 V 1584.0 12.6 3.1
VTG = 0.0 V 1586.4 13.9 2.75
VnTG = 0.6 V 1583.1 14.9 3.3
Table 1 shows that at the Dira point (VnBG and
VnTG) we have the lowest Pos(G), maximum FWHM(G)
5FIG. 5: (Color online). Raman spetra at several VTG.
The dots are the experimental data. Blak lines are tted
Lorentzians. The red line orresponds to the Dira point.
and I(2D)/I(G). However, our sample has a lower
I(2D)/I(G), FWHM(G) and higher Pos(G) than the most
intrinsi samples measured to date
18,35
, due to the pres-
ene of harge impurities
35
.
Fig.5 plots the Raman spetra as a funtion of top gate
voltages. Fig. 6,7 show the Raman parameters as a fun-
tion of doping. The minimum Pos(G) (∼ 1583.1 m−1)
is at VTG = VnTG ∼ 0.6 V. Pos(G) inreases for posi-
tive (VTG - VnTG) and negative (VTG - VnTG), i.e. for
both eletron and hole doping, by up to 30 m
−1
for hole
doping and 25 m
−1
for eletron doping (see Fig. 6a).
The derease in FWHM(G) (see Fig. 6b) for both hole
and eletron doping is similar to earlier results
19,20
, even
though extended to a muh wider doping range. Most
interestingly, the 2D peak shows a very dierent depen-
dene on gate voltages when ompared to the G mode.
For eletron doping, Pos(2D) does not hange muh (<
1 m
−1
) until gate voltage of ∼ 3V (orresponding to
∼ 3.2×1013m−2). At higher gate voltages, there is a
signiant softening by ∼ 20 m−1 and for hole doping,
Pos(2D) inreases by ∼ 20 m−1 (see Fig. 7a).
Fig.8 plots the variation of G and 2D intensity ra-
tio (I(2D)/I(G))as a funtion of doping. These show a
strong dependene on doping. The dependene of the
2D mode is muh stronger than that of the G mode and
hene the 2D/G intensity ratio is a strong funtion of
the gate voltage. Therefore, this ratio is an important
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olor online). (a) Pos(G) and (b) FWHM(G) as a
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tion of eletron and hole doping. The solid blue lines are
the predited non-adiabati trends from Refs.
19,26
.
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FIG. 8: I(2D)/I(G) as a fun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6parameter to estimate the doping density. A similar de-
pendene is expeted for nanotubes. Figs.8,6 also show
that I(2D)/I(G) and G peak position should not be used
to estimate the number of graphene layers, unlike what
suggested in refs.
45,46
. The shape of the 2D being the
most eetive way to identify a single layer
18
.
The theoretial trends in Fig.6 were disussed
before
19,26
. These onrm previous bak gate experi-
ments, but extend the data to a muh wider eletron
and hole range
19
. In this wider range, the theory still
aptures the main features, suh as the asymmetry be-
tween eletrons and hole doping
26
, however the quanti-
tative agreement is poor for large doping, and requires to
reonsider the non-adiabati alulations of Ref.
26
.
Here we fous on the novel trend of 2D peak position
as a funtion of doping. This is experimentally and on-
eptually dierent from the G peak.
The 2D peak is due to seond order, double resonant
(DR) Raman sattering
18,22,47
. In this proess, the in-
oming laser radiation reates an eletron-hole pair lose
to the Fermi point kF = K. The photo-exited eletron
is then sattered towards the seond inequivalent Fermi
point kF = K
′
by a phonon of energy ~ωq and wavevetor
q. A sattering event with a seond phonon, of the same
energy but opposite momentum, brings the eletron bak
to its original position in reiproal spae. The reom-
bination of the eletron-hole ouple nally results in the
emission of a photon, whose energy is dereased by 2~ωq
with respet to the inoming laser radiation. The order of
these four events is not xed, and all their ombinations
are possible and have to be taken into aount
47
.
The position of the 2D-peak an be evaluated by om-
puting the energy of the phonon involved in the seond-
order, double resonant sattering proess. As shown in
Ref.
18
, due to the trigonal warping of the π − π∗ bands
and the angular dependene of the eletron-phonon ou-
pling (EPC), only phonons oriented along the ΓKM di-
retion and with q > K give a non-negligible ontribu-
tion to the 2D-peak. The preise value of q is xed by
the onstraint that the energy of the inoming photons
~ωL has to exatly math a real eletroni transition. In
partiular only a wavevetor q
′
an be found for whih
~ωL = ǫ(π
∗,q′)− ǫ(π,q′), where ǫ(n,k) is the energy of
an eletron of band index n and wavevetor k, and q′ is
measured from K and is in the ΓKM diretion. One
q
′
has been determined, q = 2q′ + K. Among the six
phonons orresponding to the q vetor that satisfy the
DR onditions, only the highest optial branh has an
energy ompatible to the measured Raman shift. There-
fore, the theoretial position of the 2D peak orresponds
to twie the energy of the Raman ative phonon.
In order to ompare with our experiments performed
at 514nm, we onsider ~ωL = 2.5 eV. Assuming the π/π
∗
bands to be linear, with a slope of 14.1 eV
23
, this laser en-
ergy selets a phonon with wavevetor q of modulus 0.844
in
2π
a0
units, a0 being the lattie parameter of graphene.
The dependene of Pos(2D) on doping an be investi-
gated by alulating, within a DFT framework, the ef-
fets of the Fermi level shift on the phonon frequenies.
In doped graphene, the Fermi energy shift indued
by doping gives two major eets: (i) a hange of the
equilibrium lattie parameter with a onsequent stien-
ing/softening of the phonons, and (ii) the onset of ef-
fets beyond the Adiabati Born-Oppenheimer approx-
imation that modify the phonons lose to the Kohn
anomalies
19,26
. The exess (defet) harge gives an ex-
pansion (ontration) of the rystal lattie. This was
extensively investigated to understand graphite intera-
lation ompounds
48
. We model the Fermi surfae shift
by varying the number of eletrons in the system. Sine
the total energy of harged systems diverges, eletrial
neutrality is ahieved by imposing a uniformly harged
bakground. To avoid eletrostati interations between
graphene and the bakground, the equilibrium lattie pa-
rameter of the harged system is omputed in the limit
of a innite volume unit ell. Suh limit is reahed us-
ing a model with periodi boundary onditions where the
graphene layers are spaed by 60 Å. Phonon alulations
for harged graphene are done using the same unit ells
employed for the determination of the orresponding lat-
tie parameter. Interestingly, while we observe that for
harged graphene the frequeny of zone boundary TO
phonons onverge only for layer spaing as large as 60 Å,
the frequeny of the E2g mode is already onverged for a
7.5 Å spaing.
Dynami eets beyond Born-Oppenheimer play a fun-
damental role in the desription of the KA in single wall
arbon nanotubes and in graphene
19,24,26
. However, for
the 2D peak measured at 514nm the inuene of dynami
eets is expeted to be negligible, sine the phonons
giving rise to the 2D-peak are far away from the Kohn
anomaly at K. Thus, we an alulate the position of the
2D-peak without dynami orretions.
The omparison between the theoretial and the exper-
imental position of the 2D peak is shown in Fig. 7a by a
solid line. Our alulations are in qualitative agreement
with experiments, onsidering the spetral resolution and
the Debye layer estimation. Indeed, as experimentally
determined, the position of the 2D peak is predited to
derease for an inreasing eletron onentration in the
system. This allows to use the 2D peak to disriminate
between eletron and hole doping.
The trade-o between measured and theoretial data
an be partially explained in terms of the eletrostati dif-
ferene existing between the experiments and the model
DFT system. In our simulations the 2D phonon frequen-
ies are very sensitive to the harged bakground used
to ensure global eletrial neutrality. In the experiments
the eletri harge on the graphene surfae is indued
by apaitative oupling. The eletrostati interation
between graphene and the eletrolyte ould thus further
modify the 2D phonons. This does not aet the G peak
to the same extent, due to the muh lower sensitivity the
G phonon to an external eletrostati potential.
In onlusion, we have demonstrated graphene top gat-
ing using a solid polymer eletrolyte. We reahed muh
7higher eletron and hole doping than standard SiO2 bak
gating. The ondutivity minimum and mobility are re-
dued due to presene of harges. The Raman measure-
ments show that the G and 2D peaks have dierent dop-
ing dependene and the 2D/G height ratio hanges sig-
niantly with doping, making Raman an ideal tool for
graphene nanoeletronis.
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